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ABSTRACT Knockdown resistance to DDT and pyrethrins was the 1st insecticide resistance trait
involving reduced target site sensitivity to be identiÞed and isolated genetically. Almost 5 decades
later, knockdown resistance continues to threaten the continued effectiveness of pyrethroid insec-
ticides in the control of numerous agricultural pests and vectors of human disease. In this review we
summarize progress in the characterization of knockdown resistance in the house ßy, Musca
domestica L., culminating in the identiÞcation of the speciÞc sodium channel gene mutations that
cause the reduced neuronal sensitivity to DDT and pyrethroids in knockdown-resistant insects.
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SELECTION FOR INSECTICIDE resistance has been an un-
desirable by-product of insecticide use for almost a
century (Forgash 1984). With the advent of inexpen-
sive and highly effective insecticides after World War
II, the rate of selection for resistance increased dra-
matically so that by 1990 .500 arthropod specieswere
resistant to one or more insecticides or acaricides
(Georghiou 1990). Today, the anticipation and stra-
tegic management of resistance is an integral compo-
nent of the introduction of any new insect control
agent.
Most insecticide resistance mechanisms fall into 2
broad categories: those involving enhanced metabolic
detoxicationand those involving reducedsensitivityof
the insecticide target site (Soderlund and Bloomquist
1990, Soderlund 1997). Of these, the latter are partic-
ularly problematic because they often negate the ef-
fectiveness of entire classes of insecticides. Knock-
down resistance to DDT and pyrethroids, the 1st
target site resistance mechanism to be indentiÞed,
remains an important resistancemechanism that limits
or threatens to limit the effectiveness of modern py-
rethroid insecticides in many pest species. Knock-
down resistance has remained a topic of continuing
research interest and effort for .4 decades, but only
recently has the molecular basis for this type of resis-
tancebeenelucidated. In this special issue recognizing
CarlW. SchaeferÕs 25-yr tenure as Editor of theAnnals
of the Entomological Society of America, it is particu-
larly appropriate to summarize the progress in re-
search over this 25-yr span that has led from the pre-
liminary toxicological, physiological, and genetic
characterization of knockdown resistance in the
house ßy to a deÞnitive description of the mechanism
of knockdown resistance at the molecular level.
Discovery
Knockdown resistance (kdr) in thehouseßy,Musca
domestica L., was Þrst described by Busvine (1951).
Thesepioneering studiesdocumented theexistence in
a Þeld-derived strain from Italy of a factor that con-
ferred resistance to the initial paralytic effects ofDDT,
DDT analogs, and pyrethrins but not to chlorinated
cyclodienes. Moreover, knockdown resistance in the
Italian strain was not correlated with metabolic de-
hydrochlorination of DDT, a mechanism known at
that time to cause DDT resistance in other house ßy
strains (Busvine 1951, 1953). Subsequently, Milani
(1954) and Milani and Travaglino (1957) isolated the
kdr resistancemechanismgenetically fromotherDDT
resistance traits and showed that it was caused by a
recessive factor located on chromosome 3.
The cross-resistance of kdr ßies to pyrethrins was
conÞrmed in laboratory selection experiments. Bus-
vine (1953) noted that further selection of the knock-
down-resistant Italian strain with DDT produced a
concurrent increase in the resistance of these ßies to
pyrethrins. Fine (1961) selected a house ßy strain
from Sudan with DDT and found that the resulting
population exhibited increased resistance toDDTand
pyrethrins. This study also documented the cross-re-
sistance of DDT-selected ßies to several early exam-
ples of pyrethroids, thereby providing evidence that
the kdr trait conferred cross-resistance to pyrethroids
as a class rather than solely to the natural pyrethrins.
Recognition of theuniqueproperties of the kdr trait
led researchers to search for similar traits in other
DDT-andpyrethroid-resistanthouseßy strains.These
efforts identiÞed several additional resistance factors
conferring kdr-like resistance (Tsukamoto et al. 1965,
Plapp and Hoyer 1968, Farnham 1973, Scott and
Georghiou 1986), which were recognized by their
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effect on knockdown, their unique cross-resistance
spectra, and the failure of inhibitors of biotransfor-
mation to reduce the observed level of resistance.
Research with European house ßy populations exhib-
iting high levels of pyrethroid resistance led to the
isolation of 2 pharmacologically distict alleles of a
related trait, named super-kdr (Farnham et al. 1987,
Sawicki 1978),whichwas also locatedonchromosome
3. In contrast to the kdr trait, which affords approxi-
mately equivalent protection to a wide variety of py-
rethroids, the super-kdr trait confers particularly high
levels of resistance to a subset of potent pyrethroid
insecticides, such as deltamethrin, cypermethrin, and
fenvalerate, that contain the a-cyano-3-phenoxyben-
zyl alcohol moiety (Sawicki 1978, Farnham et al. 1987,
Farnham and Khambay 1995).
Physiological and Pharmacological Characteriza-
tion. In 1965, Tsukamoto et al. (1965) provided the 1st
experimental evidence that a knockdown resistance
factor localized to chromosome 3 greatly reduced the
sensitivity of the house ßy central nervous system to
DDT. Since that time, electrophysiological assays, em-
ploying a variety of preparations from larval and adult
kdr insects, have conÞrmed that reduced neuronal
sensitivity is thebasis of the kdr trait (Miller et al. 1979;
Osborne and Hart 1979; Osborne and Smallcombe
1983; Pepper and Osborne 1993; Salgado et al. 1983;
Scott and Georghiou 1986; Gibson et al. 1988, 1990).
These studies documented that the reduction in neu-
ronal sensitivity afforded by the kdr trait is expressed
in theßynervous systemthroughoutdevelopmentand
in both central and peripheral elements. Although the
nervous system of super-kdr insects also exhibits re-
duced neuronal sensitivity to pyrethroids in physio-
logical assays, evidence that the super-kdr trait confers
a greater degree of resistance than kdr at the level of
the nerve is ambiguous and appears to depend on the
test compound, nerve preparation and physiological
endpoint employed as a basis for comparison (Nichol-
son et al. 1980; Gibson et al. 1988, 1990; Pepper and
Osborne 1993).
Efforts to examine directly the binding of DDT or
pyrethroids to their target site in nerve membrane
preparations from susceptible and kdrhouse ßies have
been hampered by the technical problems inherent in
the use of lipophilic, low speciÞc activity radioligands.
Thus, studies of the binding of carbon-14 labeledDDT
and cis-permethrin to house ßy head membranes
probably do not reßect the binding of these ligands to
a toxicologically relevant site and do not provide in-
sight into the mechanism underlying the kdr trait
(Chang and Plapp 1983). Recently, the pyrethroid
binding site of rat brain sodium channels has been
labeled stereospeciÞcally with a novel pyrethroid ra-
dioligand (Trainer et al. 1997), but this approach has
not yet been applied to studies of the pyrethroid bind-
ing site of insect sodium channels.
Knowledge that voltage-sensitive sodium channels
are the primary targets for the action of DDT and
pyrethroids (Sattelle and Yamamoto 1988, Soderlund
and Bloomquist 1989, Bloomquist 1993, Narahashi
1996) has focused attention on the expression and
pharmacology of house ßy sodium channels in efforts
to deÞne the mechanism of knockdown resistance.
Rossignol (1988) determined the apparent density of
sodium channels (measured as binding sites for the
sodiumchannel-speciÞc radioligand [3H]saxitoxin) in
head membranes prepared from adult susceptible and
kdr house ßies. Results of these experiments showed
that the sodium channel content of head membranes
from kdr ßies was reduced by .50%, whereas the
nicotinic acetylcholine receptor content, used as a
marker for the yield of central nervous system tissue
in these experiments, was unaltered. This Þnding sug-
gested that reduced sodium channel expression was
the mechanism of knockdown resistance. However,
subsequent saxitoxin binding studies in other labora-
tories usingmultiple kdr and super-kdr strains failed to
replicate this Þnding (Grubs et al. 1988, Sattelle et al.
1988, Pauron et al. 1989), and altered sodium channel
expression in super-kdr house ßies also was not de-
tected by immunocytochemical techniques (Castella
et al. 1997).Theabilityof theextentof sodiumchannel
down-regulationobservedbyRossignol (1988) tocon-
fer the magnitude of resistance afforded by the kdr
trait was also challenged on theoretical grounds
(Grubs et al. 1988). Subsequent studies with a mutant
strain ofDrosophilamelanogaster (Meigen)that exhib-
its constitutive down-regulation of sodium channel
expression conÞrmed that a 50% reduction in sodium
channeldensity is able to causekdr-like resistance, but
themagnitude of resistance resulting froma reduction
in sodium channel expression of this magnitude is
much less than that observed for kdr house ßies
(Grubs et al. 1988, Kasbekar and Hall 1988).
Thepharmacological properties of sodiumchannels
have also been employed in indirect ways to explore
the mechanism of knockdown resistance. Pyrethroids
and DDT enhance allosterically the binding of
[3H]batrachotoxinin A 20-a-benzoate (BTX-B) to
mammalian brain sodium channels (Brown et al. 1988,
Lombet et al. 1988, Payne and Soderlund 1989, Rubin
and Soderlund 1993). Extension of this approach to
house ßy head membranes documented a similar en-
hancement of BTX-B binding by the pyrethroid del-
tamethrin in2pyrethroid-susceptible strainsbut failed
to detect any enhancement of binding in strains car-
rying the kdr or super-kdr resistancemechanism(Pau-
ron et al. 1989). Other agents known to act on sodium
channels have also beenemployed as pharmacological
probes of the knockdown resistance mechanism.
Physiological assays of motor nerve depolarization in
house ßy larval neuromuscular junction preparations
showed that the resistance to pyrethroids conferred
by the kdr mechanism extended to the plant alkaloid
aconitine (Salgado et al. 1983), which is known to act
at the sodium channel at a binding site distinct from
that for DDT and pyrethroids (Lombet et al. 1988).
Paralysis bioassays using house ßy larvae conÞrmed
the resistance of kdr insects to aconitine but did not
Þndresistance toavarietyofothercompounds that act
on sodium channels at several other distinct binding
domains (Bloomquist and Miller 1986). Taken to-
gether, the results of these studies suggest that the kdr
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mechanism involves a speciÞc modiÞcation of the
DDT/pyrethroid sensitivity of house ßy sodium chan-
nels with minimal effect on the remainder of the
pharmacological proÞle of these channels.
A study of the lipid composition of nerve mem-
branes in susceptible and resistant ßies provided fur-
ther insight into the knockdown resistance pheno-
type. Chiang and Devonshire (1982) measured the
temperature-dependent catalytic activity of mem-
brane-bound acetylcholinesterases in house ßy head
membranepreparations as ameans of determining the
transition temperatures of the nerve membranes of
susceptible, kdr, and super-kdr insects. Membranes
from kdr and super-kdr insects exhibited higher mem-
brane transition temperatures than those from sus-
ceptible insects, thereby implicating a role for alter-
ations of the lipid composition of nerve membrane in
the mechanism of knockdown resistance. However,
these studies were unable to determine whether ef-
fects on the nerve membrane were a primary cause of
resistance or a secondary and compensatory conse-
quence of alterations in the functional properties of
sodium channels in resistant insects.
Genetic Linkage Analysis
Farnham (1977) isolated house ßy strains homozy-
gous for 1 of 3 independently isolated knockdown
resistance genes (kdr, kdr-NPR, and kdr-O) and de-
termined the crossover frequencies of each resistance
gene with the markers bwb (brown body) and ge
(green eye) located on chromosome 3. All 3 knock-
down resistance genes exhibited similar crossover fre-
quencies with each of the visible markers, and crosses
between resistant strains showed that the 3 factors
examined in this study are probably allelic. Although
the super-kdr trait is widely presumed to be an allele
of kdr (Farnhamet al. 1987, Sawicki 1978) there areno
complementationdata that explicitly support this con-
clusion.
More detailed genetic analyses of the kdr and super-
kdr traits were facilitated by studies that identiÞed the
product of the para (paralytic, a locus at which tem-
perature-sensitive mutations impair nerve action po-
tential conduction) gene of D. melanogaster as a phys-
iologically important sodiumchannel (Loughneyet al.
1989). Knowledge of the para sequence permitted the
design of experiments to test the hypothesis that
knockdown resistance is linked genetically to the
house ßy sodium channel gene that is orthologous to
para. Oligonucleotide primers based on conserved re-
gions of the para amino acid sequencewere employed
toamplify a small segmentof theorthologoushouseßy
gene (Knipple et al. 1991), which was used as a probe
to isolate larger segmentsof this gene foruse ingenetic
analyses.
Strain-speciÞc restriction fragment-length poly-
morphism (RFLP) markers within the para-ortholo-
gous sodiumchannel geneof thehouseßy(designated
Vssc1 or Msc) were employed in combination with
discriminating dose bioassays on individual house ßies
to assess the linkage between the Vssc1 gene and the
kdr and super-kdr resistance traits (Williamson et al.
1993,Knippleet al. 1994).Results of theseexperiments
demonstrated tight genetic linkage (within ’1 map
unit) of both resistance traits and the Vssc1 gene. In
addition to providing strong genetic evidence for mu-
tations at a sodium channel structural gene as the
cause of knockdown resistance, these 2 studies also
providedevidence for allelismof thekdr and super-kdr
traits.
Molecular Mechanism
The genetic evidence implicating the Vssc1 gene as
the site of knockdown resistance mutations provided
a strong impetus for thedeterminationof thecomplete
coding sequence of this gene (Ingles et al. 1996, Wil-
liamson et al. 1996). Comparison of partial and com-
plete sequences from 15 house ßy strains representing
multiple examples of susceptible, kdr, and super-kdr
phenotypes consistently identiÞed 2 point mutations
that were associated with resistant phenotypes: mu-
tation of leucine to phenylalanine at amino acid res-
idue1014(designatedL1014F) in all kdr and super-kdr
strains, and the additional mutation of methionine to
threonine at residue 918 (designated M918T) only in
super-kdr strains (Ingles et al. 1996, Miyazaki et al.
1996, Williamson et al. 1996). It is noteworthy that the
M918T mutation has not been detected as a polymor-
phism in the absence of the L1014F mutation in any
house ßy population analyzed to date. This observa-
tion suggests that theM918Tmutation produces chan-
nels with functional deÞcits that can be comple-
mented, in part, by the L1014F mutation.
The identiÞcation of resistance-associated muta-
tions does not, in itself, constitute evidence that such
mutations are the cause of resistance. To complete the
elucidation of the knockdown resistance mechanism,
it was necessary to obtain the functional expression of
sodium channels from susceptible insects and chan-
nels in which the resistance-associated mutations had
been inserted by site-directed mutagenesis and to
employ a suitable functional assay to assess the pyre-
throid sensitivity of wildtype and speciÞcally mutated
channels. The unfertilized oocyte of the African
clawed frog, Xenopus laevis, constitutes a powerful
transient expression system for the study of a wide
variety of neurotransmitter receptors and ion chan-
nels, including voltage-sensitive sodium channels
from vertebrate nerve and muscle (Lester 1988, Cat-
terall 1992). Recent studies showed that the Xenopus
oocyte system effectively expresses D. melanogaster
para and house ßy Vssc1 sodium channels and that
both the biophysical properties and the pyrethroid
sensitivity of the expressed channels closely paralleled
those of sodium channels in native neuronal prepara-
tions (Fenget al. 1995; Smith et al. 1997, 1998;Warmke
et al. 1997; Lee et al. 1999b).
To test the functional signiÞcance of mutations as-
sociatedwith knockdown resistance, sodiumchannels
encoded by cDNAs for the wildtype Vssc1 sodium
channel and speciÞcally mutated channels containing
the L1014F mutation associated with the kdr pheno-
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type, the M918T/L1014 F double mutation associated
with the super-kdr phenotype, and the M918T single
mutation were expressed in Xenopus oocytes assayed
for their sensitivity to the pyrethroid insecticides cis-
methrin and cypermethrin. The L1014F mutation de-
creased the sensitivity of house ßy sodium channels to
both cismethrin and cypermethrin by at least 10-fold,
which is sufÞcient to account for the degree of resis-
tance to a wide structural variety of pyrethroids in kdr
insects (Smith et al. 1997). In contrast, the M918T/
L1014 double mutation greatly reduced the sensitivity
of house ßy sodium channels in this assay, so that no
modiÞcation of sodium currents by either cismethrin
or cypermethrin was detected at the maximum con-
centrations of these compounds attainable in this sys-
tem (Lee et al. 1999b). The results of these experi-
ments provide functional conÞrmation that the
mutations associated with the kdr and super-kdr phe-
notypes alter the sensitivity of house ßy sodium chan-
nels to pyrethroids to an extent consistent with the
degree of insecticide resistance conferred by these
traits. These expression studies also assessed the effect
on pyrethroid sensitivity of the M918T single muta-
tion, which has not been found in ßy populations
except in combination with the L1014F mutation. In-
terestingly, expressed channels containing the M918T
single mutation also appear to be completely insensi-
tive to pyrethroids (Lee et al. 1999b).
Conclusions and Implications
The puzzle of knockdown resistance has, to a large
extent, been solved. A single pointmutation (L1014F)
in the Vssc1 sodium channel gene of the house ßy is
found in all knockdown-resistant strains that have
been examined to date. Moreover, mutations corre-
sponding to L1014F have been identiÞed in the Vssc1-
orthologous sodium channel genes of pyrethroid-re-
sistant strains of several other insect species (Miyazaki
et al. 1996, Dong 1997, Guerrero et al. 1997, Martinez-
Torres et al. 1998, Schuler et al. 1998, Lee et al. 1999a).
Functional expression experiments demonstrate that
this single amino acid substitution, when inserted in
the pyrethroid-susceptible wildtype sequence by site-
directed mutagenesis, reduces the sensitivity of house
ßy sodium channels sufÞciently to account for the
degree of resistance observed in toxicity bioassays
with kdr house ßy strains.
These results not only identify the molecular mech-
anism of the kdr trait but also provide important con-
Þrmation that sodium channels encoded by the Vssc1
gene are the principal target site for the toxic actions
ofDDT analogs and pyrethroids. Although the actions
of DDT and pyrethroids on sodium channels have
been characterized in great depth and detail over the
past 3decades, numerousother sites of action for some
or all of these insecticides have also been proposed
(Soderlund and Bloomquist 1989, Bloomquist 1993).
The toxicological effect of the L1014F mutation in the
Vssc1 sodiumchannel implies that actions ofDDTand
pyrethroids at this target alone are sufÞcient to ac-
count for the toxic effects of these compounds in
whole insects.
The extension of this approach to the analysis of the
super-kdr trait in the house ßy has also clariÞed the
relationship between the kdr and super-kdr traits. A
2nd amino acid substitution (M918T) was found in
combinationwith theL1014Fmutation in all super-kdr
strains that have been examined, and the double mu-
tation results in a virtual immunity to pyrethroids in
expressed channels. Although the M918T mutation
alone also confers a high level of pyrethroid resistance
at the level of sodium channels expressed in oocytes,
resistant populations with this single polymorphism
apparently have not been selected in the Þeld. The
absence of such strains implies that the M918T mu-
tation exerts a deleterious effect on sodium channel
function in intact nerves that is rescued by the pres-
ence of the L1014F mutation. A further implication of
this analysis is that the super-kdr trait did not arise
independently but instead resulted from selection of
a 2nd-site mutation in kdr populations that already
carried the L1014F mutation. This hypothesis has not
been tested rigorously but is supported by RFLP anal-
yses of the Vssc1 locus in susceptible, kdr, and super-
kdr house ßy strains, which show strong conservation
of RFLP patterns between several geographically dis-
tinct kdr and super-kdr populations but extensive
RFLP polymorphism among insecticide-susceptible
strains (Williamson et al. 1995).
Although the L1014F mutation in the house ßy and
the correspondingmutation in the sodiumchannels of
other insects is the most common polymorphism im-
plicated in kdr-like resistance, several other resis-
tance-associated mutations have also been identiÞed
in insect sodium channel gene sequences (Park et al.
1997, Pittendrigh et al. 1997, Head et al. 1998, Schuler
et al. 1998). The multiplicity of sodium channel se-
quence polymorphisms associated with knockdown
resistance contrasts with the situation for cyclodiene
resistance in insects, which involves a mutation at a
single amino acid residue in the subunit of the g-ami-
nobutyric acid receptor—chloride ionophore encoded
by the Rdl gene in all cases that have been examined
(french-Constant 1994). The diversity of sequence
polymorphisms that may, in principle, be the cause of
knockdownresistanceposes a signiÞcant challenge for
the use of this information in pyrethroid resistance
monitoring and management. Although detection of
theL1014Fmutation in insectpopulations canprovide
strong circumstantial evidence for the existence of a
knockdown resistance allele, the absence of this single
polymorphism, or any other polymorphismpreviously
shown to be associated with knockdown resistance,
cannot be viewed as reliable evidence for the absence
of knockdown resistance alleles.
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